Abstract Zonula occludens proteins (ZO) are postsynaptic density protein-95 discs large-zonula occludens (PDZ) domain-containing proteins that play a fundamental role in the assembly of tight junctions and establishment of cell polarity. Here, we show that the second PDZ domain of ZO-1 and ZO-2 binds phosphoinositides (PtdInsP) and we identified critical residues involved in the interaction. Furthermore, peptide and PtdInsP binding of ZO PDZ2 domains are mutually exclusive. Although lipid binding does not seem to be required for plasma membrane localisation of ZO-1, phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P 2 ) binding to the PDZ2 domain of ZO-2 regulates ZO-2 recruitment to nuclear speckles. Knockdown of ZO-2 expression disrupts speckle morphology, indicating that ZO-2 might play an active role in formation and stabilisation of these subnuclear structures. This study shows for the first time that ZO isoforms bind PtdInsPs and offers an alternative regulatory mechanism for the formation and stabilisation of protein complexes in the nucleus.
Introduction
Many cellular processes involve multi-protein complexes which are formed and stabilised through multiple proteinprotein interactions. In recent years, protein-lipid interactions have also been shown to contribute to the targeting and stabilisation of these complexes at specific cellular locations [1] . Of particular interest are the interactions with mono-and polyphosphorylated derivatives of phosphatidylinositol (PtdIns), collectively known as phosphoinositides (PtdInsP). These lipids concentrate at the cytoplasmic face of cellular membranes and serve both a structural and a signalling role via their recruitment of proteins that contain PtdInsP binding domains [2] . They also play a role as precursors of several types of second messengers. Deregulation of the metabolisation of these lipids has been implicated in several disease processes, highlighting their physiological importance [3, 4] . Most studies on PtdInsP regulatory mechanisms have centred on cytoplasmic processes. However, PtdInsP and their biosynthetic machinery are also present in the nucleus [5] .
Phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P 2 ) is the most abundant PtdInsP that plays a pivotal role in many physiological processes, ranging from regulation of membrane trafficking to formation of stress fibres and focal adhesions, apoptosis, chemotaxis, vesicle trafficking and gene expression [6] . In addition, the products of phosphoinositide 3-kinases (PI3K), PtdIns(3)P, PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 have been implicated in intracellular trafficking, signalling, mitogenesis and actin rearrangements [5, 7] . Recent evidence also suggests involvement of PtdInsP in the establishment of cell polarity with PtdIns(4,5)P 2 and PtdIns(3,4,5)P 3 acting respectively as key determinants of the apical and basolateral surface [8, 9] .
An important protein complex required for the establishment of cell polarity in epithelial cells are the tight junctions (TJs). TJs function both as a barrier and a fence and contain both integral and peripheral membrane proteins, which are involved in the regulation of cytoskeletal organisation, establishment of polarity, and signalling to and from the nucleus [10] . One important class of such proteins are the zonula occludens proteins, ZO-1, ZO-2 and ZO-3, which are members of the membrane-associated guanylate kinase (MAGUK) protein family [11, 12] . ZOs are peripherally associated membrane proteins that interact together and anchor membrane proteins like claudins, occludin and junctional adhesion molecule (JAM) to the actin cytoskeleton, and cluster diverse kinases, phosphatases, small G proteins and nuclear and transcription factors at the TJ [13] .
ZO-1 and ZO-2 also concentrate in the nucleus in response to chemical stress or mechanical injury, or when cells are cultured at sparse density [14] [15] [16] . They also contain several nuclear localisation and export signals (NLS and NES) [17] . In confluent monolayers ZO-2 is observed at TJs, while in sparse cultures it concentrates in the nucleus where it displays a speckled distribution and colocalises with the splicing factor SC35 [15] . It is also present in the nuclear matrix and associates with lamin B1 and actin [18] . The nuclear localisation of ZO-2 suggests that ZO-2 might play a role in nuclear processes, such as transcription and splicing. In this context, ZO-1 and ZO-2 have been shown to associate with proteins involved in the regulation of cell proliferation such as the transcription factors Jun, Fos, C/EBP [19] , ZONAB [20] and KyoT2 [21] . Furthermore, ZO-2 has also been shown to modulate AP-1-regulated gene transcription [22] .
We and others have shown that several PDZ domains bind PtdInsP, including PtdIns(4,5)P 2 , thereby identifying PDZ domains as potential PtdInsP binding domains [23, 24] . Here, we report that the PDZ2 domain of ZO-1 and ZO-2 belongs to a growing family of PtdInsP binding PDZ domains. We measured the interaction of the PDZ2 domain and mutants with PtdInsPs in considerable detail by various biochemical assays. Collectively, this study provides new evidence for the existence of a subfamily of PDZ domains that are able to bind PtdInsP and offers an additional regulatory mechanism for the formation and stabilisation of protein complexes in the nucleus.
Materials and methods

Materials
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS), and 1-palmitoyl-2-oleoyl-sn-glycero-phosphoethanolamine (POPE) were from Avanti Polar Lipids (Alabaster, AL). (Poly)phosphoinositides were from Cayman (Ann Arbor, MI). Phospholipid concentrations were determined by a modified Bartlett analysis [25] . The Liposofast microextruder and 100-nm polycarbonate filters were from Avestin (Ottawa, Ontario). Fatty acid-free bovine serum albumin was from Bayer (Kankakee, IL). Pioneer L1 sensor chip was from Biacore (Piscataway, NJ).
Antibodies and plasmids
Rabbit and mouse anti-ZO-1/2 were from Invitrogen (Merelbeke, Belgium). Anti-GST was from Amersham. The anti-PtdIns(4,5)P 2 2C11 antibody was a kind gift of Dr. G Schiavo (Molecular Neuropathobiology, Cancer Research UK, London Research Institute, UK); a commercial anti-PtdIns (4,5)P2 IgM was obtained from Echelon. GFP-tagged human ZO-1 was a kind gift of Dr. H. Wunderli-Allenspach (Zurich, Switzerland). HA-tagged wild-type canine ZO-2 (HA-ZO-2 WT) in the CMV expression vector GW1 was a kind gift of Dr. Javier (Baylor College of Medicine, Houston, USA). Mouse ZO-2 cDNA was a gift from Dr. Tsukita (Osaka University, Japan) and was cloned in the pEGFP-C1 vector. Deletion constructs PDZ1-3 and SH3-C-terminus and the single PDZ domains and their mutants were cloned in the pEGFP-C1 and pGEX5X1 or pGEX 2TK vector.
Mutagenesis and protein expression
Mutagenesis of the PDZ2 domain of ZO-1 and -2 was performed using the Quikchange Mutagenesis kit (Stratagene). Plasmids were transformed into BL21(DE3) pLysS cells for protein expression. BL21(DE3) cells were grown at 37°C in LB medium containing 50 lg/ml ampicillin. Protein expression was induced at 37°C for 4 h with IPTG. The PDZ2 domains used for monolayer and SPR measurements were expressed as glutathione-S-transferase (GST)-fusion proteins and purified by glutathione-Sepharose affinity chromatography. Protein concentrations were determined by the method of Bradford [26] using bovine serum albumin as a standard.
Cell culture
HeLa, MDA-MB 231 and MDCK cells were maintained in Dulbecco's modified Eagle's medium ? Glutamax (DMEM; Invitrogen), supplemented with 10% fetal bovine serum (FBS; Invitrogen), 100 U/ml penicillin and 0.1 mg/ml streptomycin. Staining and microscopy Cultured cells were grown on glass coverslips, washed with PBS and fixed with 3% paraformaldehyde. After permeabilisation with 0.1% Triton X-100 in PBS, cells were blocked in 1% BSA in PBS and incubated at 37°C with primary antibody for 1 h or overnight at 4°C, followed by Alexa Fluor-488 goat anti-rabbit IgG (Molecular Probes, Eugene, OR) for 30 min at room temperature. Nuclei were stained using 4 0 -6-Diamidino-2-phenylindole (DAPI) (0.4 lg/ml) (Sigma).
For staining of plasmamembrane PtdIns(4,5)P 2 with the 2C11 antibody we adopted the protocol from Hammond et al. [27] . In short, cells were fixed for 3 h at 4°C with ice cold 4% paraformaldehyde/0.2% glutaraldehyde. Cells were rinsed three times with 50 mM NH 4 Cl and simultaneously permeabilised and blocked for 4 h at 4°C in 0.5% saponin, 5% normal goat serum (NGS, Sigma) and 50 mM NH 4 Cl in sodium glutamate buffer (NaGB). Next, cells were incubated overnight at 4°C with primary antibody solution (2C11 1/100, 0.1% saponin, and 5% NGS in NaGB). After washing with NaGB, the secondary antibody was added (Alexa Fluor-594-anti mouse IgM 1/200, 0.1% saponin and 5% NGS in NaGB) for 4 h at 4°C. Before mounting with Vectashield, cells were post-fixed for 10 min on ice and 5 min at room temperature. For staining of plasma membrane PtdIns(4,5)P 2 in MDCK cells, we used a protocol from Hammond et al. [28] . Cells were fixed for 15 min with 8% paraformaldehyde. Cells were rinsed three times with 50 mM NH 4 Cl and then left on ice for 2 min. Afterwards, the cells were simultaneously permeabilised and blocked for 45 min at 4°C in buffer A (137 mM NaCl, 2.7 mM KCl and 20 mM Na-PIPES, pH 6.8) supplemented with 0.5% saponin, 5% NGS and 50 mM NH 4 Cl. Next, cells were incubated for 1 h with primary antibody solution (2C11 1/200, 0.1% saponin, and 5% normal goat serum in buffer A). After washing with buffer A, the secondary antibody was added (Alexa Fluor-594-anti mouse IgM 1/200, 0.1% saponin and 5% NGS in buffer A) for 45 min at 4°C. Before mounting with Vectashield, cells were postfixed for 10 min on ice and 5 min at room temperature with 2% PFA and washed three times with 50 mM NH 4 Cl. Co-staining of ZO-2 and PtdIns(4,5)P 2 in nuclear speckles was achieved by fixing cells with 4% PFA followed by 2C11 antibody incubation. After a brief post-fixation with PFA, cells were fixed with methanol for 10 min at -20°C, blocked with bovine serum albumin after which polyclonal anti-ZO-2 antibody was added overnight. Stained cells were examined using an Apotome Zeiss Axioplan II epifluorescence microscope. Images were captured using a cooled CCD Axiocam Camera and Axiovision 4.4 software (Zeiss, Götingen, Germany).
Western blotting
Cells were disrupted in ice-cold lysis buffer (20 mM TrisHCl pH 7.5, 150 mM NaCl, 1% Triton-X100, 1 mM PMSF) and a protease inhibitor cocktail mix (Roche Diagnostics, Mannheim, Germany). Insoluble material was removed by centrifugation (20,000g for 15 min at 4°C). Western blotting was performed as described [29] . Proteins were visualised by enhanced chemiluminescence detection (ECL; Amersham Pharmacia Biotech, Buckinghamshire, UK).
Lipid-plate binding assay
Binding of GST-tagged proteins to PIP strips or GST-tagged proteins to PIP plates Ò (Echelon Biosciences) was done as described by the manufacturer. Briefly, GST proteins (10 nM) were incubated for 1 h at room temperature with the preblocked plates. The plate was then washed three times with PBS containing 0.1% Tween-20 and incubated for 1 h at room temperature with horseradish peroxidase-conjugated anti-GST (Amerscham Biosciences). The bound proteins were detected using the TMB Microwell Peroxidase Substrate System (Kirkegaard & Perry Laboratories). Absorbance was determined at 450 nm using a microplate reader.
Peptide synthesis, immobilisation, and binding experiments Connexin 43 (Cx43) C-terminal peptide (NH2.PSSRAS SRASSRPRPDDLEI.OH) was synthesised and purified according to established procedures [24] . The peptide was coupled to CNBr-activated Sepharose 4B (Pharmacia Biotech) at 5-7 mg/ml according to the manufacturer's protocol. For peptide-plate assays, the peptide (1 lg) was spotted in 96-well microtiter plates (Maxisorp, Nunc) and dried at 37°C for 1 h. Blocking was done with 1% bovine serum albumin in phosphate-buffered saline (PBS) for 1 h. GST fusion proteins (1 lM) in PBS were incubated for 1 h at room temperature, and subsequently the wells were washed three times with PBS containing 0.1% Tween-20. The amount of bound protein was determined by a colorimetric reaction using HRP-conjugated anti-GST antibodies (Amersham Biosciences) and TMB substrate (Kirkegaard & Perry Laboratories).
Surface plasmon resonance (SPR) measurements
All SPR measurements were performed at 23°C using a lipid-coated L1 chip in the BIACORE X system as described previously [30] . Briefly, after washing the sensor chip surface with running buffer (20 mM HEPES, pH 7.4, 0.16 M KCl), POPC/POPE/POPS/PtdInsP (37:40:20:3) and POPC/POPE (60:40) vesicles were injected at 5 ml/min to the active surface and the control surface (typically 5-10 ll of 0.4 lipid vesicle mg/ml solution), respectively, to give the same resonance unit (RU) values (i.e. 4,000 RU), to ensure the consistent lipid coating. The level of lipid coating for both surfaces was kept low to minimise the mass transport effect and keep the total protein concentration (P 0 ) above the total concentration of protein binding sites on vesicles (M 0 ). Near-equilibrium SPR measurements were performed at the flow rate of 5 ml/min to allow sufficient time for the R values of the association phase to reach near-equilibrium values (R eq ). After sensorgrams were obtained for five or more different concentrations of each protein within a tenfold range of K d , each of the sensorgrams was corrected for refractive index change by subtracting the control surface response from it. Assuming a Langmuir-type binding between the protein (P) and protein binding sites (M) on vesicles (i.e. P ? M $ PM), R eq values were then plotted versus P 0 , and the K d value was determined by a nonlinear least-squares analysis of the binding isotherm using an equation, R eq = R max /(1 ? K d /P 0 ). Each dataset was repeated three or more times to calculate average and standard deviation values. For kinetic SPR measurements, the flow rate was maintained at 15 ll/min for both association and dissociation phases. Kinetic SPR data were collected to illustrate relative membrane affinity quantitatively and were not used for K d determination.
Isothermal titration calorimetry (ITC)
Microcalorimetric titration measurements were performed in a Microcal Omega isothermal titration calorimeter (Microcal, Northampton, MA, USA). All solutions were degassed under vacuum prior to use. In a typical experiment, 1.33 ml of 20 lM WT or mutant PDZ2 ZO-1 or ZO-2 in 20 mM HEPES, 150 mM NaCl, pH 7.5 was titrated by 20 9 15 ll injections of 200 lM Cx43 peptide. During titration, the injection syringe was rotated at 250 rpm. Time between injections was 5 min. In a blank experiment, heat evolved from dilution was measured by injecting the peptide solution into the sample cell filled with buffer only. This heat of dilution was subtracted from the peptide binding data for the PDZ2 domain. Data were integrated and fitted to an appropriate binding model using the ORIGIN software supplied by Microcal.
Results
The PDZ2 domain of ZO-1 and ZO-2 binds to phosphoinositides in vitro ZO-1, -2 and -3 contain three N-terminal PDZ domains, followed by an SH3, a GuK domain, and a carboxy terminal end that includes an acidic domain and a prolinerich region (Fig. 1a) . We performed a lipid-overlay assay using PIP strips (nitrocellulose membranes on which various phospholipids are immobilised) (Fig. 1b) for initial screening of the PDZ domains of ZO-1, -2, and -3. In this assay, the lipids are not in a membrane environment and the readout is not quantitative but it is a simple, fast and routinely used assay [31] . A GST-ZO-1 construct containing three PDZ domains (GST-ZO-1-PDZ1-3) bound non-selectively to all PtdInsPs and acidic phospholipids, including PtdIns, phosphatidylserine (PS) and phosphatidic acid (PA) (Fig. 1b) . On the other hand, GST alone did not bind to any phospholipid. The PH domain of LL5a, known to non-selectively bind PtdInsPs, was used as a positive control (Fig 1b) . We then subjected individual PDZ domains to the lipid-overlay assay to determine which PDZ domain contained the PtdInsP binding site. GST-ZO-1-PDZ2 bound PtdInsPs as efficiently as GST-ZO-1-PDZ1-3, while GST-ZO-1-PDZ1 and GST-ZO-1-PDZ3 showed weak to no binding (Fig 1b) , indicating that the ZO-1 PDZ2 domain contained the PtdInsP binding site. Circular dichroism experiments showed that folding of the PDZ3 domain from ZO-1 and ZO-2 was very similar to the folding pattern of GST-ZO-2-PDZ2 (data not shown). Since the PDZ domains of ZO-2 are highly homologous to their counterparts in ZO-1, we also tested if the PDZ domains of ZO-2 bind PtdInsPs. As shown in Fig. 1b , the PDZ2 domain of ZO-2 also interacted with several PtdInsPs, although differences can be noticed with the ZO-1 PDZ2 domain, while PDZ1 and PDZ3 did not show significant binding. Moreover, the lack of lipid binding by a construct encompassing the Src Homology (SH3) domain up to the C-terminus (SH3-C) corroborates the notion that PtdInsP binding is restricted to the PDZ2 domain (Fig. 1b) . In contrast to ZO-1 and ZO-2 PDZ domains, none of ZO-3 PDZ domains, including PDZ2, showed appreciable binding to lipids (not shown).
We also performed a more sensitive ELISA assay on commercially available PIP plates. Again, lipids are not in a membrane environment in this assay. GST alone showed no significant affinity to any of the lipids (Fig. 1c , blue bars). We observed that both GST-ZO-1-PDZ2 and GST-ZO-2-PDZ2 bound slightly stronger to PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 as compared to PtdIns(4,5)P 2 or PtdIns(3,5)P 2 (Fig. 1c, red and yellow bars) . This indicates that GST-ZO-1-PDZ2 and GST-ZO-2-PDZ2 have some degree of lipid selectivity and also suggests that the differences between GST-PDZ2-ZO-1 and GST-PDZ2-ZO-2 observed in Fig. 1b do not reflect gross differences in lipid specificity. GST-ZO-2-PDZ1-3 showed some preference for bisphosphoinositides in this assay (Electronic Supplementary Material, ESM: Fig. S1 ). The pleckstrin homology (PH) domain of phospholipase Cd (PLCd) was used as a positive control [32] , which showed stronger binding to PtdIns(4,5)P 2 than to other phosphoinositides, confirming the validity of the assay (Fig. 1c, cyan bars) .
To obtain quantitative information about PtdInsP affinity and selectivity of ZO PDZ domains, we measured their binding to PtdInsP-containing vesicles coated onto the L1 sensor chip by SPR analysis. Gel-filtration chromatography Left is a schematic view of a lipid blot membrane (PIPstrips TM ). GST and GST-PHLL5a were used as negative and positive controls, respectively. c ELISA PtdInsP binding assay. Each well of a 'PIP specificity' microtiter plate (Echelon Biosciences) was overlaid with GST, GST ZO-1 PDZ2, GST ZO-2 PDZ2, and GST-PH-PLC-d1 (positive control). Data represent means ± SD (n = 3). AU Absorbance unit showed that both GST-ZO-1-PDZ2 and GST-ZO-2-PDZ2 form dimers when the monomer concentration was as low as 100 nM (ESM: Fig. S2 ). Thus, these PDZ domains should exist as dimers under our experimental conditions. We first measured the binding of GST-ZO-1-PDZ2 to POPC/POPE/POPS/PtdInsP (37:40:20:3), containing each of seven PtdInsP. Similar to the ELISA assay, sensorgrams from kinetic SPR measurements (Fig. 2a) showed that the ZO-1 PDZ-2 domain showed a slight preference for PtdIns(3,4)P 2 binding, followed by PtdIns(3,4,5)P 3 , PtdIns(4,5)P 2 and PtdIns(3,5)P 2 . Monophosphoinositides showed weaker to no binding. A similar pattern was observed with GST-ZO-2-PDZ2 (ESM: Fig. S3A ). PDZ1 and PDZ3 domains of ZO-1 and ZO-2 showed no detectable binding. To determine the lipid selectivity of the PDZ2 domains of ZO-1 and ZO-2 more quantitatively, we determined K d values for individual vesicles by equilibrium SPR analysis (K d values are listed in Table 1 ). The apparent affinity of the ZO-1 PDZ2 domain for POPC/ POPE/POPS/PtdIns(3,4)P 2 vesicles (K d = 0.59 lM) was only twofold higher than the value obtained for the ZO-1 PDZ2 domain and POPC/POPE/POPS/PtdIns(4,5)P 2 vesicles (K d = 1.3 lM). This indicates that ZO PDZ2 domains have only a minor degree of lipid selectivity. Therefore, all our ensuing measurements were performed using PtdIns(4,5)P 2 -containing vesicles because PtdIns(4,5)P 2 is a major phosphoinositide that is present in a much higher concentration than PtdIns(3,4)P 2 in mammalian cells. Of note, the latter K d value is lower (i.e. higher affinity) than that of the GST-tagged full-length syntenin-1 for the same vesicles (see Table 1 ), indicating that the ZO-1 PDZ-2 domain has PtdIns(4,5)P 2 affinity that is comparable to the tandem PDZ domains of syntenin 1, a well-characterised PtdIns(4,5)P 2 interacting protein [24] , although the latter does not form domain swapping dimers. Consistent with our lipid overlay assay, the ZO-3 PDZ2 domain did not show appreciable binding to any phosphoinositide-containing vesicles (not shown). Overall, these results show that the ZO-1 and ZO-2 PDZ2 domains display PtdInsP binding with slight lipid selectivity, and that they have relatively high PtdInsP affinity compared with other reported lipid binding PDZ domains.
Identification of the lipid binding site in the PDZ2 domains of ZO-1 and ZO-2 All structurally characterised PDZ domains have similar structural folds with a canonical peptide binding pocket. Recent reports indicated that PDZ domains containing basic residues on the surface surrounding the peptide binding groove can interact with anionic lipids, including PtdInsPs [23] . The PDZ2 domains of ZO-1 and ZO-2 are relatively unique among PDZ domains in that they form domain-swapping dimers [23, 33] . That is, the dimer is stabilised by extensive symmetric domain swapping of b-strands and the canonical peptide binding pocket is created by elements contributed from both monomers. As shown in Fig. 3a , the ZO-1 PDZ2 domain dimer has cationic residues surrounding the peptide binding pocket and these residues are nearly equally contributed from the two monomeric units (i.e. K191, R193, K194, and R201 from the B chain and K246, R251 and K253 from the A chain; A and B chains are arbitrarily defined in Fig. 3a) . To see if these residues are involved in PtdInsP binding, we mutated them individually to Ala and measured the effects on binding to POPC/POPE/POPS/PtdIns(4,5)P 2 (37:40:20:3) vesicles by SPR analysis. Results are illustrated in Fig. 3b and also summarised in Table 2 . The most dramatic effect was seen with K253A, which is followed by R201A, R251A and K246A. In fact, we could not determine the K d values for these mutants because their affinities were too low. These results suggest that R201 from B chain and K246, R251 and K253 from A chain are most directly involved in vesicle binding. Also, the mutations of K191, R193 and K194, which belong to the same B chain as R201, had modest but definite effects on vesicle binding. In contrast, the mutation of R219 that is located remotely from these residues had no effect on vesicle binding. Collectively, these results define a relatively wide lipid binding surface of the ZO-PDZ2 domains containing multiple basic residues. Similar results were obtained from mutational analysis of the ZO-2 PDZ2 domain; i.e. R302A and R347A mutations of ZO-2 PDZ2 showed similar effects to their ZO-1 PDZ2 counterparts, R201A and K246A mutations, respectively (ESM: Fig. S3B ). Interestingly, R253 in ZO-1 PDZ2, which corresponds to K364 in ZO-2 PDZ2, is substituted for by Glu in the PDZ2 domain of ZO-3, and this charge-reversal substitution of a key membrane binding residue explains why the ZO-3 PDZ2 domain does not have detectable affinity for PtdInsP. Some of these residues would interact directly with the PtdInsP headgroup while others may interact non-specifically with the anionic membrane surface. To distinguish these two types of basic residues, we measured the effects of mutations on binding to POPC/POPE/POPS (40:40:20) vesicles. Notice that K253A, R201A, R251A and K246A had much lower affinities than K191A, R193A and K194A for POPC/POPE/POPS/PtdIns(4,5)P 2 (37:40:20:3) vesicles. For POPC/POPE/POPS (40:40:20) vesicles, however, all these mutants showed comparable affinities (Fig. 3c) . This suggests that, although all basic residues on the putative lipid binding surface contribute to the overall binding to anionic membranes, K253, R201, R251 and K246 which are closer to the peptide binding pocket are more directly involved in PtdInsP headgroup binding than others. On the basis of these results, we performed the docking of a PtdIns(4,5)P 2 molecule to each unit of a ZO-1 PDZ2 dimer. Due to the symmetric nature of the dimer, it was postulated that the dimer would form two identical lipid binding sites. The model shown in Fig. 3d suggests that the putative PtdInsP binding site and the peptide binding site overlap to the extent that two binding processes may be mutually exclusive.
PtdIns and peptide binding are mutually exclusive
The PDZ2 domains of the ZO proteins have been shown to bind the Gap Junction protein connexin43 (Cx43). Binding involves the C-terminal peptide sequence of Cx43 (DDLEI) that fits into the hydrophobic pocket of the PDZ domain [34] . In addition, domain-swapping dimerisation of ZO-1 PDZ2 creates an extended ligand binding pocket located in PDZ dimer interface [35] . To evaluate the extent of overlap between PtdInsP binding and peptide binding of ZO PDZ2 domains, we investigated the effect of the mutations in the PtdInsP binding site on the peptide binding ability of the ZO-1 PDZ2 domain. We measured by ITC analysis the binding of wild-types and mutants of ZO-1 and -2 PDZ2 domains with a peptide, encompassing the C-terminal 20 amino acids of Cx43. The ITC analysis yielded a dissociation constant (K D ) of *9.9 lM for ZO-1 and ZO-2 PDZ2 domains, which is in good agreement with the value of 15.5 lM reported for ZO-1 PDZ2 [36] , with a stoichiometry close to 1 mol peptide/mol PDZ domain ( Fig. 4a; Table 2 ). This value is also comparable with K D s determined for other PDZ domains [37] . As summarised in Table 2 , among ZO-1 PDZ2 mutants, R201A and K246A mutants showed no significant binding to the Cx43 peptide while R251A, K253A and the double-site mutant R251A/K253A had about twofold lower peptide affinity than the wild-type. In contrast, mutations of R193 and K194, which were found to interact non-specifically with anionic membranes (see above), had little effect on peptide affinity. Likewise, the mutation of R219 that is remote from the lipid binding site had no effect on the peptide binding. Similar results were seen with ZO-2 PDZ2 mutations (summarised in Table 2 ). These results support the notion that there is significant overlap between the To further corroborate this finding, we performed two additional sets of experiments. First, we examined the effect of the mutations on the association of the GST PDZ2 domain with the Cx43 peptide by a pull-down assay, in which the Cx43 peptide was covalently coupled to CNBr-activated Sepharose (see ''Materials and methods''). Following incubation with the peptide matrix, 15-20% of the input GST-ZO-1-PDZ2 WT was retained on the peptide matrix (Fig. 4b , upper left panel, compare lanes 2,6 with lanes 2,6 in right panel which represents the input) while only 5% of the input was retained in case of the R201A (lane 3) and K246A (lane 4). As expected from only a twofold difference in peptide affinity, R251A (lane 5), K253A (lane 7), and R251A/K253A (lane 8) behaved similar to the wild-type. Non-specific binding was limited to less than 5% of the total protein input, as shown for GST binding (lane 1). GST-ZO-2-PDZ2 mutants R302A and R347A also showed strongly reduced interaction with the Cx43 peptide as compared to GST-ZO-2-PDZ2 WT (Fig. 4b, lower panels) .
We then performed an ELISA assay in which the Cx43 peptide immobilised on a plate was incubated with GST-ZO-2-PDZ2 WT with or without different PtdInsPs. Figure 5a shows that binding of ZO-2 PDZ2 WT to the peptide is inhibited by PtdIns(4,5)P 2 , PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 in a concentration-dependent manner and to the same extent, in contrast to PS which shows no effect. We also preincubated GST-ZO-2-PDZ2 WT with these lipids and subsequently performed a pull-down with the Cx43 peptide that was covalently bound to CNBr-activated Sepharose beads. Preincubation of 3 lg GST-ZO-2-PDZ2 WT with increasing PtdIns(4,5)P 2 concentrations (indicated at the bottom of the panels in Fig. 5b ) resulted in a progressively decreasing association of the GST-ZO-2-PDZ2 with the Cx43 peptide. Likewise, PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 inhibited association of GST-ZO-2-PDZ2 WT with the Cx43 peptide (Fig. 5b) , while PS had no effect, confirming the PtdInsP specificity of the PDZ2 domain.
ZO polypeptides colocalise with PtdIns(4,5)P 2 at the plasma membrane To understand the physiological roles of PtdInsP binding of ZO PDZ2 domains, we analysed the distribution of PtdIns(4,5)P 2 and ZO-1/-2 in different mammalian cells. As described above, we focused on this phospholipid because it is much more abundant in membranes of mammalian cells than PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 , while the affinity of the ZO PDZ2 domains for PtdIns(4,5)P 2 , PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 is of the same order of magnitude (Table 1) .
In sparsely seeded MDCK cells, endogenous ZO-1 and ZO-2 showed differential localisation. That is, ZO-1 exhibited mainly plasma membrane localisation whereas ZO-2 was also distributed in the nucleus and the cytosol, which is consistent with the previous report (Fig. 6a) [14] . In these cells, the GFP-tagged PH domain of phospholipase Cd (PH-PLCd) that has been used as a specific probe for PtdIns(4,5)P 2 [32] was co-localised with endogenous ZO-1 and ZO-2 in the plasma membrane, suggesting that ZO proteins might be localised in the plasma membrane due to their interaction with PtdIns(4,5)P 2 (Fig. 6b) . This was further substantiated by co-staining with the 2C11 antiPtdIns(4,5)P 2 antibody (Fig. 6c) , used in earlier studies to detect PtdIns(4,5)P 2 [38, 39] . Similarly, immunostaining for PtdIns(4,5)P 2 in MDA-MB 231 breast cancer cells using the 2C11 antibody showed co-localisation with endogenous ZO-1/-2, particularly in plasma membrane extensions (Fig. 6d, e) . To see if PtdIns(4,5)P 2 binding is responsible for plasma membrane localisation of ZO-1 and ZO-2, we expressed GFP-tagged ZO-1 or ZO-2 wild-type and mutants in MDCK cells. Surprisingly, the R201A mutation that essentially abolished both lipid and peptide binding of the ZO-1 PDZ2 domain did not significantly . S4A) . Also, the K253A and R251AK253A mutants, which bind the peptide with reduced affinity but show no lipid binding, were localised at the plasma membrane. Similar data were obtained with ZO-2 (ESM: Fig. S4B ). These results suggest that unlike Par-3 [23] , lipid binding of ZO-1/-2 is not required per sé for its plasma membrane localisation.
Endogenous ZO-2 targets nuclear PtdIns(4,5)P 2 in speckles
It was previously shown that ZO-2 localised to the nucleus in a cell density-dependent manner, where it displayed a speckled distribution [15, 18] . Moreover, it has been reported that nuclear PtdIns(4,5)P 2 is concentrated in speckles and nucleoli, and that the PDZ domains of syntenin-2 target these subnuclear structures due to PtdIns(4,5)P 2 interaction (34). To investigate if ZO-2 is also targeted to nuclear speckles by its ability to bind PtdIns(4,5)P 2 , we studied the subcellular distribution of endogenous ZO-2. For these measurements, MDCK and HeLa cells were pre-treated with actinomycin D because transcriptional inhibitors such as actinomycin D are known to alter the spatial distribution of speckle proteins into fewer and/or abnormally large clusters [39] , which helps to clearly visualise the proteins in nuclear speckles. As shown in Fig. 7a , endogenous ZO-2 showed considerable overlap with the 2C11 staining pattern suggesting that ZO-2 localises to nuclear speckles due to its ability to interact with PtdIns(4,5)P 2 .
We then investigated the contribution of ZO-2 to nuclear speckle organisation by knocking-down endogenous ZO-2 expression in MDCK and HeLa cells. Figure 7b shows the partial knock-down of ZO-2 using two different species specific siRNA molecules, when compared to a control siRNA vector. In our hands, silencing of ZO-2 did not alter the levels of other TJ components such as occludin or ZO-1, in contrast to an earlier report [40] (Fig. 7b) . Because complete knock-down of ZO-2 appeared to be toxic, we analysed cells with partial knock-down of ZO-2. In fact, ZO-2 deficient mice are embryonically lethal (unlike ZO-3 -/-mice), fail to complete gastrulation and show reduced cell proliferation at E6.5 and increased apoptosis [41] . Reduction in ZO-2 expression in both cell types resulted in a dispersed PtdIns(4,5)P 2 staining pattern as observed by 2C11 staining (Fig. 7c) . These results suggest that ZO-2, similar to syntenin-2 [38] , could function as a scaffold in the organisation of nuclear PtdIns(4,5)P 2 .
Discussion
The present work shows that the PDZ2 domains of ZO-1 and ZO-2 bind PtdInsPs with relatively high affinity, adding these PDZ domains to an increasing list of PDZ domains that interact with lipids. We and others showed previously that the tandem PDZ domains of syntenin-1 and -2 and the PDZ2 domain of PTPBL2 could bind PtdInsPs with micromolar affinity [24, 38, 42] . More recently, Wu and coworkers [23] reported that a large subset of mammalian PDZ domains, including PICK1 and another MAGUK protein Par-3, are capable of binding PtdInsPs in vitro. In general, membrane binding proteins and domains contain cationic and/or hydrophobic residues on their membrane binding surfaces [43] . Thus, PDZ domains with cationic and/or hydrophobic residues on their surfaces may have significant affinity for the membrane containing anionic lipids, including PtdInsP. Indeed, Wu et al. [23] reported that the Par-3 PDZ2 domain contained a flat surface rich in cationic residues that were shown to play critical roles in lipid binding and that other PDZ domains containing similar cationic residues also bind to anionic vesicles when measured by a vesicle pelleting assay. They also reported that the PDZ1 domain as well as the PDZ2 domain of ZO-1 and ZO-2 bound anionic vesicles; however, no quantitative data on lipid specificity and affinity were reported. We opted to rigorously characterise lipid binding of PDZ domains of ZO proteins because of the potential physiological significance of the ZO PDZ-lipid interactions. Our quantitative SPR analysis clearly shows that the isolated PDZ1 domains of ZO-1 and ZO-2 have very low affinity for anionic membranes and only PDZ2 domains of ZO proteins have relatively high PtdInsP affinity and some degree of PtdInsP selectivity. The reason for this discrepancy may derive from differences in the length of the domain constructs, different experimental conditions, or different sensitivity of measurements. The PDZ2 domains of the ZO proteins have unique structures among PDZ domains in that they form domainswapping dimers. However, they share a common trait with other anionic membrane binding PDZ domains including Par-3; i.e. they have a cluster of cationic residues, K194, R251 and K253 and R201 and K246, on the same surface surrounding the peptide binding pocket. In particular, K194, R251 and K253 in ZO -1 correspond to K458, R532 and K535 in Par-3, respectively, which were reported to be involved in anionic membrane binding. Unlike the Par-3 PDZ domain, however, ZO-1/-2 PDZ2 domains have modest PtdInsP selectivity. Also, clear distinction between the cationic residues of ZO-1 PDZ2 domain that are involved in PtdInsP binding and that participate in nonspecific anionic membrane binding indicates the presence of a well-defined binding pocket for PtdInsPs, as illustrated in our model (see Fig. 3d ).
Our results also indicate that PtdInsP binding and peptide binding of PDZ2 domains of ZO proteins are mutually exclusive because of a significant overlap of two binding sites. Indeed, binding of PtdInsPs to ZO-1 and ZO-2 PDZ2 domain reduces their interactions with a Cx43 carboxyterminal peptide. It should be noted that Chen and coworkers [35] reported a weaker interaction between ZO-2 PDZ2 and Cx43 (K d * 391 lM) as compared to our data (*10 lM). This discrepancy may derive primarily from the different length of peptides used for binding studies. We determined the affinity for ZO-1 as well as ZO-2 PDZ2 in this study using the same (20aa) Cx43 peptide by ITC. The value of 391 lM was obtained by SPR using a peptide What are the functional consequences of this PtdInsP binding of ZO PDZ2 domains? Both endogenous ZO-1 and ZO-2 proteins are found in the plasma membrane although their overall subcellular localisation patterns differ significantly. It has been well documented that PtdIns(4,5)P 2 is the most abundant PtdInsP that is located mainly in the inner plasma membrane [44] . Unlike PtdIns(4,5)P 2 , PtdIns(3,4)P 2 and PtdIns(3,4,5)P 2 are signalling lipids that are formed transiently in response to specific stimuli. Thus, their cellular concentrations are much lower (i.e. fold) than that of PtdIns(4,5)P 2 . This, in conjunction with the fact that ZO PDZ2 domains have much lower affinity for PtdIns(3,4)P 2 and PtdIns(3,4,5)P 2 than the specific effector domains of these lipids (e.g. PH domains), suggest that PtdIns(3,4)P 2 and PtdIns(3,4,5)P 2 binding of ZO PDZ domains may not have significant functional significance [6, 7] . Although PtdIns(4,5)P 2 is present at higher concentration than PtdIns(3,4)P 2 and PtdIns(3,4,5)P 2 , there are many plasma membrane-targeting domains that have higher PtdIns(4,5)P 2 affinity than ZO PDZ2 domains and thus they may not be able to compete with other proteins for the plasma membrane pool of PtdIns(4,5)P 2 . Consistent with this notion, lipid binding of ZO PDZ2 domains do not seem to play a significant role in the plasma membrane localisation of ZO proteins. This is consistent with the previous observation that the PDZ domains of ZO-1 (PDZ1-3) were not localised at the plasma membrane [45] , in contrast with Par-3 for which the lipid binding activity of the PDZ domain is important for its plasma membrane localisation. Thus, the plasma membrane binding of ZO-1 and ZO-2 is more likely to be driven by protein-protein interactions [46] . As such this does not preclude a role for PtdIns(4,5)P 2 in modulating signalling complexes involving these tight junction proteins at the plasma membrane. For instance, it has been proposed that ZO-1 assembles PLCb3 and connexin43 into a signalling complex through interaction of the third PDZ domain of ZO-1 with PLCb3
[47] while the second PDZ domain binds to connexin43. As PtdIns(4,5)P 2 hydrolysis upon receptor activation leads to inhibition of connexin43 cell-cell based communication, these interactions allow regulation of gap junction closure by localised fluctuations in PtdIns(4,5)P 2 levels. In that study, the authors found no evidence for direct binding of PtdIns(4,5)P 2 to connexin43 but hypothesised that PtdIns(4,5)P 2 regulates junctional communication indirectly through a connexin43-associated protein. We speculate that ZO-1 itself may represent such a rheostat protein: PtdIns(4,5)P 2 interaction with the ZO-1 PDZ2 domain could modify the connexin43 regulatory tail, as PtdIns(4,5)P 2 and connexin binding are mutually exclusive, thereby shutting off gap channel function.
However, our results suggest that the PtdIns(4,5)P 2 binding activity of ZO PDZ2 domains may be important for driving subnuclear localisation of ZO proteins, ZO-2 in particular. The presence of an independent nuclear PtdInsP pool and the enzymes responsible for their metabolism is now well established [5] . Recent genetic and biochemical evidence suggests that these lipids are involved in post-transcriptional modification and chromatin-mediated gene regulation. In particular, it has been suggested that nuclear PtdIns(4,5)P 2 , which is enriched in speckles and in the nucleoli [44] , might be involved in the regulation of chromatin remodelling and gene transcription. Moreover, nuclear PtdIns(4,5)P 2 seems to regulate pre-mRNA splicing and controls cell growth and proliferation. Our results indicate that ZO-2 PDZ2 domain can effectively interact with these nuclear pools of PtdIns(4,5)P 2 . ZO-2 is colocalised with nuclear PtdIns(4,5)P 2 . Although the exact role of nuclear ZO-2 is still unknown, accumulating evidence indicates that it regulates cell growth, proliferation and apoptosis [22] . For example, Tapia et al. [48] recently reported that ZO-2 translocates to the nucleus at late G1 phase to downregulate cyclin D1 expression, and exits the nucleus during mitosis. We speculate that the transcription regulation activity of nuclear ZO-2 may be controlled by PtdInsP(4,5)P 2 . Our gene knock down experiments also show that ZO-2 is involved in organising PtdIns(4,5)P 2 in nuclear speckles, as reported for syntenin-2 [38] .
It has been reported that many PDZ domain-containing proteins serve as scaffolds to organise signalling complexes in the plasma membrane [49] . Our current study on the ZO PDZ2 domains and previous studies on syntenin-2 suggest that these proteins may play the same role in the nucleus and that lipid binding is critical for this role. Although the exact mechanism underlying this potentially important process and its functional consequences await further investigation, our results provide new insight into how cellular functions of PDZ domain-containing proteins can be switched by local environments that modulate the lipid binding of the PDZ domain.
